Most of the mammalian genome is depleted in CpG dinucleotides, which are present at about 20% of their predicted frequency (9) . This has been ascribed to the high mutability of 5-methylcytosine, which is present in more than 70% of the CpG nucleotides. In contrast, some regions within the genome, known as CpG islands, have retained a normal amount of CpG sites (9) . CpG islands, which account for about 1% of the entire genome, are usually associated with a promoter region. In normal cells, CpG islands are methylated only under two circumstances: on the inactive X chromosome in female somatic cells and on silenced alleles of parentally imprinted genes (42, 45) . The preservation of the CpG sites within CpG islands has been ascribed to their lack of methylation (1) . In cancer cells, however, CpG islands occasionally undergo aberrant de novo methylation (3) . In cultured cell lines, this abnormal de novo methylation may involve as much as half of all CpG islands (2) .
There is evidence that in some circumstances DNA methylation can on its own be an efficient mechanism for gene silencing, in cells containing the relevant transcription factors. Methylated silent genes in cultured cell lines have been shown to be activated upon treatment with demethylating drugs (26) . In vitro methylation of genes often prevents their transcription in transfection assays (44) . In vivo, DNA methylation appears to be responsible for the monoallelic repression of X-linked genes and for that of parentally imprinted genes in cells where the appropriate transcription factors are evidently present (25, 32) .
The role of DNA methylation in the differentiation process, i.e., in the programmed expression of tissue-specific genes, has received considerable attention (20) . It has been proposed that DNA methylation could be the primary mechanism for the selective expression of tissue-specific genes (41) . However, it appears now that DNA methylation often plays a role secondary to the presence or absence of transcription factors. Genes with tissue-specific expression can be divided in two groups according to the content in CpG dinucleotides of their promoter: those with a CpG-rich promoter and those with a CpGpoor promoter. Because CpG islands are unmethylated in all tissues, the selective expression of tissue-specific genes with a CpG-rich promoter must depend solely on the presence of tissue-specific transcription factors (4) . On the other hand, tissue-specific genes with CpG-poor promoters often show a higher level of methylation in the tissues where these genes are silent than in those where they are expressed (20) . However, it appears that DNA demethylation is not sufficient to activate these genes in nonexpressing cells, presumably because the transcription factors required for their expression are not present (4, 52) . Thus, there has been hitherto no clear example of tissue-specific genes that use DNA methylation as a primary mechanism for their regulation.
Moreover, studies using mice carrying a targeted deletion of the gene coding for DNA methyltransferase, the enzyme that maintains cytosine methylation, do not support an important role for DNA methylation in the regulation of tissue-specific genes. Although embryos carrying this deletion died prior to day 11, they displayed significant morphogenesis and tissue differentiation (33) . More recently, it was shown that tissuespecific genes are largely demethylated in these mutant embryos but that their expression is not affected (50) . Further evidence that DNA methylation does not control the expression of many tissue-specific genes came from the analysis of cancer cells. Although cancer cells often undergo a genomewide demethylation that significantly reduces the overall level of cytosine methylation (18, 22) , no massive activation of tissue-specific genes has been observed (3) . It therefore appears that differentiation-linked gene methylation may serve only to reinforce an expression arrest that results from a lack of appropriate transcription factors (5) . The demethylation of some of these genes in expressing cells is likely to be a consequence of the activation induced by transcription factors (28) .
We have shown previously that a subset of male germ linespecific genes are activated in a wide variety of tumors, in which they code for tumor-specific antigens recognized by autologous T lymphocytes (49) . The MAGE family contains 18 related genes divided into three clusters (MAGE-A, -B, and -C) located on the X chromosome (11, 34, 35, 37) . Several other unrelated families of genes with similar patterns of expression, notably the GAGE and LAGE/ESO-1 families (7, 30, 48) , have been identified. These MAGE-type genes are also located on the X chromosome (10, 30) . The function of the MAGE, GAGE, and LAGE genes is unknown.
The expression of different MAGE, GAGE, and LAGE genes in tumors is positively correlated, suggesting that these genes are activated by a common mechanism (10, 30) . Transfection studies with MAGE-A1 promoter constructs showed that these constructs were transcribed both in tumor cell lines that express the MAGE-A1 gene and in tumor cell lines that do not (13) . This finding indicated that in tumor cell lines that do not express MAGE-A1, transcription factors capable of inducing MAGE-A1 promoter activity are present but that the gene is insensitive to their action. Two observations suggested that at least in tumor cell lines, DNA methylation might be involved in this repression mechanism. First, the expression of MAGE-A1 in tumor cell lines correlated closely with demethylation at two CpG sites located within two essential Ets promoter elements (14) . Moreover, MAGE-A1 was found to be expressed exclusively in the tumor cell lines that showed a marked decrease in the overall level of CpG methylation (14) . Second, MAGE-A1 was shown to be induced in cell cultures treated with 5Ј-aza-2Ј-deoxycytidine, a demethylating agent (14, 51) .
Our previous analysis of the methylation status of the MAGE-A1 promoter in tumor cell lines involved only two CpG sites (14) . We report here a detailed analysis of the methylation status of all CpG sites within the 5Ј region of gene MAGE-A1 in tumor cells that either do or do not express the gene. We have made a similar analysis on clones derived from populations treated with 5Ј-aza-2Ј-deoxycytidine. We also report that the promoters of MAGE-type genes are characterized by a high content of CpG dinucleotides, which, contrary to all other CpG islands, appear to be methylated in vivo in the tissues where the genes are not expressed.
Our results suggest that methylation is the primary mechanism for the silencing of MAGE-type genes.
MATERIALS AND METHODS
Cell cultures and DNA extraction. The tumor cell lines were adapted to culture in our lab from a rhabdomyosarcoma (LB23-SAR), from a melanoma (LB373-MEL), or from a renal carcinoma (LB996-RCC). The cell cultures were maintained in Iscove's medium supplemented with 10% fetal calf serum, Larginine (116 mg/ml), L-asparagine (36 mg/ml), and L-glutamine (216 mg/ml). DNA was extracted as previously described (14) .
Tissue DNA samples. Genomic DNA from human lung, colon, peripheral blood lymphocytes, and kidney was kindly provided by Ö . Türeci (Medizinische Klinik I, Homburg, Germany). The testis sample came from a 60-year-old patient with prostate cancer. Histological analysis indicated that the spermatogenesis was slightly diminished but still active (P. Van Cangh, Cliniques Saint-Lue, Brussels, Belgium). The testis and skin tissue fragments were pulverized to a fine powder in liquid nitrogen and extracted as described earlier (14) . The sperm sample was obtained from a 33-year-old healthy donor. The sperm sample was rinsed twice in phosphate-buffered saline, and the DNA was extracted as previously described (14) except that 10 mM dithiothreitol was added to the lysis buffer.
Methylation analysis by sodium bisulfite sequencing. Sodium bisulfite treatment of genomic DNA was performed essentially as described previously (21) . Briefly, 5 g of genomic DNA was digested with EcoRI, denatured in 0.4 M NaOH for 10 min at room temperature, neutralized with 3 M ammonium acetate, and ethanol precipitated. The denatured DNA was then resuspended in 3 l of water and diluted with 600 l of a solution of 3.9 M sodium bisulfite and 0.5 mM hydroquinone (pH 5.0). The DNA solution was covered with mineral oil and incubated in a thermal cycler (Trio Block; Biometra) for at least 16 h at 50°C with 5 min at 95°C every 3 h. The DNA was then desalted and concentrated on a silica matrix (Geneclean; Bio 101), incubated in 0.3 M NaOH for 10 min at room temperature, neutralized, and precipitated. The bisulfite-modified genomic DNA was resuspended in 75 l of water.
For PCR amplification, 10 l of the bisulfite-modified DNA was added in a final volume of PCR mix containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 200 M each deoxynucleoside triphosphate, 0.5 M each primer, and 2.5 U of TaKaRa Taq (TaKaRa Biomedicals). The primers for PCR amplification of bisulfite-modified DNA were designed to contain either KpnI or HindIII restriction sites at their 5Ј ends for subsequent cloning of the PCR products: 5Ј-CCCAAGCTTTTTTATTTTTATTTAGGTAGGATT-3Ј (MAGE-A1; sense, positions Ϫ105 to Ϫ82 relative to the transcription start site), 5Ј-CG GGGTACCCCTAATATCTCTCAAAACTTTTAA-3Ј (MAGE-A1; antisense, 225 to 202), 5Ј-CCCAAGCTTTYGGGGTTTATTYGGGGTTTTTTA-3Ј (LAGE-1; sense, Ϫ112 to Ϫ89), 5Ј-CGGGGTACCAAATACCAAAACCTCCT AAACCAT-3Ј (LAGE-1; antisense, 134 to 111), and 5Ј-CCCAAGCTTGAAG TTGGAATTTTTATTTAGTAA-3Ј. All primers amplified the upper strand of the corresponding modified promoter sequences. PCR amplifications were performed for 36 cycles of 1 min at 95°C, 1 min at 57°C, and 1 min at 72°C.
PCR products were purified from agarose gels on a silica matrix (Geneclean; Bio 101), and were ligated into the KpnI and HindIII sites of pTZ19R (Pharmacia). DH5␣FЈIQ bacteria (Life Technologies, GibcoBRL) were transformed by electroporation with the ligation products. Plasmid DNA was prepared from the transformed clones by the boiling miniprep procedure, alkali denatured, and sequenced by using a T7 sequencing kit (Pharmacia Biotech). 6 (about three divisions). We used 4 ϫ 10 6 cells for RNA extraction as previously described (13) and 10 7 to 1.5 ϫ 10 7 cells for DNA extraction. The remaining cells were then rinsed and incubated in fresh, drug-free medium. During the subsequent days, many cells died. However, about 2 weeks after 5Ј-aza-2Ј-deoxycytidine removal, enough cells were available for RNA and DNA extractions. At the same time, the cell population was diluted at either 10 or 3 cells/ml, and 100-l aliquots of these suspensions were inoculated in each well of 96-well plates (Nunc). Twenty-three LB23-SAR clones and 19 MI665/2-MEL clones were amplified, and RNA was extracted from about 10 5 cells with Trizol (Life Technologies GibcoBRL) between days 28 and 42 after 5Ј-aza-2Ј-deoxycytidine removal. Five LB23-SAR clones and five MI665/2-MEL clones were maintained in culture. A first extraction of genomic DNA was performed on these five clones between days 43 and 56 after 5Ј-aza-2Ј-deoxycytidine removal. Other extractions of RNA and DNA were performed until day 158 after drug removal.
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Reverse transcription-PCR (RT-PCR) analyses.
Reverse transcription was performed as previously described (15) . PCR amplification of MAGE-A1, the ␤-actin gene, LAGE-1, and LAGE-2/ESO-1 cDNAs was performed as described elsewhere (15, 30) except that TaKaRa Taq polymerase was used. ␤2-Microglobulin gene amplification was carried out for 26 cycles, using 5Ј-TGAAGCT GACAGCATTCG-3Ј as the sense primer and 5Ј-ATCTTCAAACCTCCATGA TG-3Ј as the antisense primer with the following conditions: 30 s at 94°C, 1 min at 59°C, and 1 min at 72°C.
Quantitative RT-PCR. For the evaluation of MAGE-A1 expression levels, we used a quantitative RT-PCR procedure previously described by Lethé et al. (31) . Briefly, reverse-transcribed RNA was submitted to 27 cycles of PCR amplification with the MAGE-A1 primers, in the presence of 0.5 Ci of [␣- 32 P]dCTP at 3,000 Ci/mmol. The PCR products were separated in an agarose gel, and the incorporated radioactivity was measured with a PhosphorImager (Molecular Dynamics). Under these conditions, the radioactivity incorporated into the PCR product correlates closely to the amount of MAGE-A1 mRNA in the sample (31) (Fig. 1) . To correct variations of integrity, purity, or quantity between different RNA samples, we normalized the value for MAGE-A1 with that for ␤-actin obtained after 18 cycles of PCR amplification on the same sample, as previously described (31) .
In vitro methylation of plasmids. The plasmid containing the luciferase reporter gene under the control of the MAGE-A1 promoter was obtained by inserting the SacI MAGE-A1 fragment extending between positions Ϫ375 and 2636 and the SacI/BbsI MAGE-A1 fragment extending between positions 2636 and 3036 between the SacI and SmaI sites of pXP1. The plasmid containing the 12-kb MAGE-A1 fragment was constructed by inserting into plasmid pTZ18R a SmaI genomic fragment extending from Ϫ792 bp to ϩ11 kb relative to the transcription start point of MAGE-A1. A 100-g aliquot of plasmid DNA was treated in 2 ml with S-adenosylmethionine (160 M) and SssI methylase (1 U/g; New England Biolabs), which methylates every CpG site. Complete methylation was verified by digestion with the methylation-sensitive restriction enzyme HpaII. DNAs were purified by phenol and chloform extractions and by ethanol precipitation prior to transfection.
Transfections. For transfection, we used the calcium phosphate precipitation method as described earlier (12) . MZ2-MEL2.2.5 cells (10 6 ) were transfected with 25 g of either unmethylated or methylated MAGE-A1 constructs and with 2.5 g of pHMR272, which carries the gene for resistance to hygromycin B. The transfectants were selected in medium containing 175 g of hygromycin B per ml. The luciferase and RT-PCR assays were performed 4 weeks after transfection.
Luciferase assay. Two cellular extracts were obtained from 1 ϫ 10 6 and 2 ϫ 10 6 cells from each group, and their luciferase activities were measured as previously described (13) . The reported luciferase activities correspond to the means of the values obtained with the two extracts.
RESULTS
MAGE-A1 demethylation in tumor cell lines that express the gene. The two Ets binding sites that drive most of the promoter activity of gene MAGE-A1 contain a CpG within their sequences (13) . We assessed previously the methylation status of these CpG sites in various tumor cell lines by performing PCR amplification of genomic DNA digested with methyl-sensitive restriction enzyme HpaII (14) . The results showed that these sites are demethylated in all the tumor cell lines that express MAGE-A1. In the tumor cell lines that do not express the gene, these sites appeared to be methylated, but the method did not allow us to evaluate the precise extent of this methylation.
We resorted to the sodium bisulfite modification procedure to assess the methylation status of the 17 CpG sites located between positions Ϫ81 and 169 in gene MAGE-A1. This method relies on the fact that cytosines but not methylcytosines are changed into uracil by sodium bisulfite (21) . The analyzed MAGE-A1 fragment was amplified by PCR applied to genomic DNA treated with sodium bisulfite. The PCR product was then cloned and several clones were sequenced, each sequence representing the methylation profile of an individual DNA molecule.
We observed that there was a significant degree of heterogeneity in the methylation of MAGE-A1 within each cell population and that the CpG sites were not all methylated in the cell lines that did not express this gene (Fig. 2) . However, in the four tumor cell lines that did not express MAGE-A1, all sequences displayed methylation of at least 7 of the 17 CpG sites analyzed (Fig. 2) . In contrast to the tumor cell lines that did not express MAGE-A1, those that expressed the gene contained fully unmethylated MAGE-A1 sequences (Fig. 2) . The CpG sites in the essential Ets promoter elements (Ϫ60 and Ϫ52) were both unmethylated in some of the MAGE-A1 sequences obtained from cell lines LB23-SAR and MI665/2-MEL, which did not express MAGE-A1, indicating that the demethylation of these two sites is not sufficient to allow MAGE-A1 transcription (Fig. 2) . A group of five CpG sites surrounding the transcription start site (positions Ϫ8, 14, 17, 26, and 30) was heavily methylated in all nonexpressing tumor cell lines, suggesting that methylation of these sites might be required for the arrest of MAGE-A1 transcription.
As each sequence represents the methylation profile of a single DNA molecule, it is possible to detect allele-specific methylation differences linked to X chromosome inactivation. Allele-specific methylation probably accounts for the presence of some methylated sequences in the K562 (MAR) erythroleukemia cell line and the LB373-MEL melanoma cell line, which contain several X chromosomes (Fig. 2) . Similar results were obtained with a surgical tumor sample (Fig. 2) . Some largely methylated sequences found in this sample probably originated from normal cells present in these lesions.
MAGE expression and demethylation induced by 5-aza-2-deoxycytidine. Previous studies demonstrated that gene MAGE-A1 is induced in cell cultures treated with 5Ј-aza-2Ј-deoxycytidine, a demethylating agent (14, 51) . Here, we examined whether the induction of individual MAGE-A1 genes by this treatment strictly correlates with the demethylation of   FIG. 1 . The amount of MAGE-A1 PCR product is proportional to the amount of template RNA. Total RNA from the LB373-MEL cell line, which expresses MAGE-A1, was progressively diluted in total RNA from the LB23-SAR cell line, which does not express MAGE-A1. RNA samples containing the indicated amount of LB373-MEL RNA were converted to cDNA and amplified by PCR for MAGE-A1 (27 cycles) in the presence of [␣-
32 P]dCTP. The PCR products were separated in a 1.7% agarose gel, and the incorporated radioactivity was counted with a PhosphorImager. The relative amount of 32 P incorporation is indicated below each band. Sarcoma cell line LB23-SAR and melanoma cell line MI665/ 2-MEL, which do not express MAGE-A1, were incubated for 4 days with 2 M 5Ј-aza-2Ј-deoxycytidine. This treatment induced MAGE-A1 in both cell lines (Fig. 3A) . However, using a quantitative RT-PCR procedure previously described by Lethé et al. (31) and providing accurate evaluation of the amount of MAGE-A1 template in RNA samples (Fig. 1 ), we found that the level of MAGE-A1 expression induced in the LB23-SAR and MI665/2-MEL cell lines represented only a small percentage of the level observed in many cell lines that express the gene spontaneously, such as LB373-MEL (Fig. 3A) . These low levels of expression supported the notion that MAGE-A1 was induced in only a fraction of the treated LB23-SAR and MI665/2-MEL cells. Moreover, the expression of MAGE-A1 in both treated cell lines decreased progressively after withdrawal of the demethylating agent and disappeared almost completely after about 6 weeks of culture in the absence of further drug treatment (Fig. 3A) .
The gradual disappearance of MAGE-A1 expression in cell population after the end of 5Ј-aza-2Ј-deoxycytidine treatment might result either from a gradual remethylation of the demethylated cells or from a selection against the most demethylated cells. To decide between these possibilities, the treated LB23-SAR and MI665/2-MEL populations were cloned by limiting dilutions 11 and 6 days, respectively, after drug removal, at a time when MAGE-A1 expression was still present. The clones were grown in the absence of the demethylating agent, and RNA was extracted from individual clones as soon as enough cells were obtained (between day 28 and 56 after 5Ј-aza-2Ј-deoxycytidine removal). Expression of MAGE-A1 was observed in three of the 23 LB23-SAR clones and in three of 19 MI665/2-MEL clones. Quantitative RT-PCR carried out on four positive clones showed levels of expression of MAGE-A1 ranging from 1 to 15% of that of LB373-MEL (Fig.  3B) . These four clones were maintained in normal medium for more than 20 weeks in the absence of the demethylating agent. Unlike the corresponding cell lines, these clones continued to express MAGE-A1 after withdrawal of the 5Ј-aza-2Ј-deoxycytidine (Fig. 4) . We conclude that the activation of MAGE-A1 expression following 5Ј-aza-2Ј-deoxycytidine treatment is stable but that the heavily demethylated cells, where MAGE-A1 induction occurs, have a growth impairment resulting in their counterselection in the treated populations.
The methylation status of the MAGE-A1 promoter region was analyzed in clones that expressed MAGE-A1 and in clones that did not. Sequencing of bisulfite-treated DNA indicated that the 5Ј region of MAGE-A1 had a lower level of methylation in the clones where the gene was active than in the clones where it was not (Fig. 5) , or in the untreated LB23-SAR and MI665/2-MEL cell lines (Fig. 2) . The residual MAGE-A1 methylation observed in clones S14, S19, and M8 may explain why the expression level of MAGE-A1 is lower in these clones than in the LB373-MEL cell line, where most DNA molecules appear to have a completely demethylated 5Ј end of MAGE-A1 (Fig. 2 ). These differences in expression levels may also be partly due to differences in the abundance of transcription activators, as transfection experiments showed that the activity of the MAGE-A1 promoter varies among tumor cell lines regardless of whether they express the gene (13) .
In vitro methylation before transfection of gene MAGE-A1 prevents expression. A construct with a luciferase reporter gene controlled by the MAGE-A1 promoter was made and methylated in vitro with SssI, an enzyme which methylates every CpG. The methylated and unmethylated constructs were both cotransfected with a plasmid conferring resistance to hygromycin into MZ2-MEL.2.2.5. This subclone of the MZ2-MEL cell line has been previously selected for its resistance to anti-MAGE-A1 cytolytic T lymphocytes and had been found to have lost MAGE-A1 expression as a result of a deletion of the gene (47) . Four weeks after transfection, we tested the luciferase activity in transfectants selected with hygromycin (Fig.  6A) . The cells transfected with the methylated construct showed no luciferase expression. In contrast, those transfected with the unmethylated construct showed expression.
A similar experiment was carried out with a vector containing a 12-kb genomic fragment containing the entire sequence of gene MAGE-A1. The methylated construct was not expressed in stable transfectants, whereas the unmethylated construct was expressed (Fig. 6B) . We conclude that the complete methylation produced by SssI suffices to block expression of MAGE-A1 even in cells that contain transcription factors capable of inducing a high level of expression of this gene.
CpG islands associated with the promoter of MAGE-type genes. A region of about 300 bp which covers a part of the promoter of gene MAGE-A1, the first exon, and a part of the first intron is rich in CpG sites. It matches generally accepted CpG island criteria, which are a GϩC content over 50% and an observed/expected CpG ratio of at least 0.6 (23) . The sequences of the promoter region and of the first intron are not available for all the genes of the MAGE family. However, those that could be examined were also found to have a CpG island at their 5Ј end (Fig. 7) . Gene MAGE-B1 has two alternative promoters. The first, located before exon 1, is active only in male germ line cells, whereas the second, located before exon 3, directs a MAGE-type pattern of expression, being active in both germ line cells and tumor cells (35) . Interestingly, only the latter promoter of MAGE-B1 is included in a CpG-rich region. Another MAGE-type gene, LAGE-1, was also found to have a CpG island at its 5Ј end.
Methylation of CpG-rich promoters in somatic tissues. Since CpG-rich promoters are classically unmethylated in all normal cells, it was important to find out whether the methylation of MAGE-A1 observed in tumor cell lines that do not express this gene also occurred in normal somatic tissues, which never express the gene. The analysis of sequences derived from DNA of five normal human tissues treated with sodium bisulfite showed that the promoter and the first exon of MAGE-A1 were heavily methylated (Fig. 8) . The methylation of MAGE-1 was not restricted to the inactivated X chromosome, as methylation was observed in tissues of male origin and on all copies in tissues of female origin.
We also analyzed the methylation status of LAGE-1. Due to the high sequence similarity of LAGE-1 and LAGE-2/ESO-1, we were unable to distinguish between the promoter sequences of these two genes. However, as both genes display a MAGEtype expression, this should not confound the methylation analysis. Like the promoter of MAGE-A1, the LAGE promoters were heavily methylated in the normal somatic tissues that were analyzed.
Demethylation of MAGE-A1 and LAGE promoters in testis and sperm. Among the MAGE-A1 and LAGE sequences obtained from testis, the vast majority was almost completely unmethylated, whereas a small minority was heavily methylated (Fig. 8) . As the adult testicular tissue contains a majority of germ line cells and a minority (Ͻ15%) of somatic cells, these observations are consistent with the notion that these genes, which are expressed only in germ line cells (46) , are also unmethylated only in these cells. Remarkably, both genes were also found to be demethylated in sperm, even though they are not expressed. This is presumably due to the general arrest of transcription in these cells.
DISCUSSION
We find that the 5Ј region of gene MAGE-A1 is much less methylated in male germ line cells, which express MAGE-A1, than in all normal somatic cells, which do not express the gene. For tumor cells also, the 5Ј end of MAGE-A1 is invariably much less methylated in those that express the gene than in those that do not. After treatment with 5Ј-aza-2Ј-deoxycyti- dine, stable expression of the gene is found in all the cells where the 5Ј end of MAGE-A1 has been demethylated and only in those cells. Finally, transfection of the unmethylated MAGE-A1 5Ј end region invariably results in transcriptional activity, even when applied to recipient cells that do not express the gene. In contrast, no transcription is observed when a heavily methylated MAGE-A1 sequence is transfected. All of these results are compatible with the notion that all normal and tumor cells carry the transcription factors necessary for MAGE-A1 expression, whether or not they express the gene, and that demethylation of the 5Ј end of the gene is a necessary and sufficient condition for its expression.
The pattern of demethylation of the 5Ј end of MAGE-A1 did not reveal individual CpG sites that were invariably methylated in silent cells and demethylated in cells that express the gene. However, the methylation of the five CpG located near the transcription initiation site appeared to correlate strongly with gene silencing. A complete correlation between gene silencing and the methylation of CpG sites around the transcription start site has been reported for genes on the inactive X chromosome (39, 40) . Like MAGE-A1, these genes, namely, the HPRT and the PGK1 genes, contain a CpG-rich TATA-less promoter. It is tempting to propose that the methylation of CpG sites near the transcription start site inhibits the setting of the basal transcription machinery on these genes and therefore strongly represses their expression. This, of course, does not exclude that the methylation of CpG sites located further from the transcription initiation site contributes to the silencing of MAGE-A1, either by inhibiting the binding of Ets transcription factors (14) or by attracting methyl-binding proteins that induce a regional repressive chromatin structure (27, 38) .
MAGE-A1 was found previously to be induced in cell cultures treated with 5Ј-aza-2Ј-deoxycytidine, a demethylating agent (14, 51) . We now show that the expression of MAGE-A1 is maintained indefinitely after withdrawal of the demethylating agent in positive cell clones that were derived from the treated cell lines. Consistently, we showed that the 5Ј region of MAGE-A1 is hypomethylated in positive cell clones that were cultured for more than 6 weeks after drug withdrawal. Hypomethylation of the MAGE-A1 promoter was still observed in these clones at day 101 after drug removal (data not shown). The maintenance of the MAGE-A1 promoter hypomethylation contrasts with the considerable variability of methylation that we observed at specific sites within each cell population. Similar variations in methylation patterns have been observed in other genes and probably reflect a dynamic process of methylation maintenance (39) .
Other genes of the MAGE family, and genes of the GAGE and LAGE families were also shown to be activated by 5Ј-aza-2Ј-deoxycytidine treatment (10, 28, 32) , and we found that their expression is stably maintained in clones derived from the treated tumor cell lines (data not shown). This suggests that the expression of most MAGE-type genes is regulated by DNA methylation.
The MAGE-type genes appear to be characterized by the presence of a CpG-rich region at their 5Ј end. These CpG-rich regions match the commonly accepted CpG island criteria, as their percentage of GϩC is over 50% and their ratio of observed to expected CpG is higher than or equal to 0.6. Whereas the CpG island in LAGE-1 has a size that is close to the average size of CpG islands in vertebrates (1,000 bp), the CpG islands in MAGE genes are smaller (300 to 650 bp). However, a survey of CpG islands in vertebrates shows that they have no typical size and range between 200 and 3,000 bp (29) . Moreover, a lack of methylation in sperm DNA was proposed as a criterion for the designation of promoter regions as CpG islands (50) . The 5Ј regions of MAGE-type genes such as MAGE-A1 and LAGE-1 were found to be mostly unmethylated in sperm DNA.
Unlike all other CpG islands that are not subject to X inactivation or imprinting, the MAGE-type CpG islands are methylated in all normal somatic tissues. CpG-rich sequences showing high methylation in somatic tissues have been detected in repetitive sequences, like Alu or long interspersed nuclear elements (24, 53) . MAGE-type 5Ј regions do not contain such elements. The MAGE-type genes are demethylated in male germ line cells. The precise methylation pattern of MAGE-A1 and LAGE-1 promoters throughout the male germ lineage is not known. The MAGE-A1 protein has been detected in spermatogonia and in young spermatocytes (46) . It is therefore likely that the promoter of MAGE-A1 is demethylated in these early stages of spermatogenesis. Our results suggest that this unmethylated status is maintained in the subsequent stages of spermatogenesis and in mature sperm, although MAGE-A1 is silent at these stages of sperm differentiation. The silencing of MAGE-A1 in these later stages of spermatogenesis coincides with the inactivation of the X chromosome, which is not associated with DNA methylation in male germ cells (19, 36) . There is at present no evidence in favor of or against demethylation of MAGE-type genes in female germ line cells.
The methylation of CpG was proposed to be the origin of their relative scarcity in the mammalian genome, because of the high mutability of methylcytosine (1) . The high density of CpG in CpG islands would therefore result from their general demethylation. The same explanation may apply to the MAGE-type CpG islands, notwithstanding their general meth- ylation, because they are demethylated in germ line cells and may therefore be transmitted to the offspring without being subjected to the high mutation rate associated with cytosine methylation.
Remarkably, two previous suggestive examples of genes controlled by DNA methylation concerned germ line-specific genes, namely, the histone tH2B gene in rats (8) and the lactate dehydrogenase LDH-C gene in humans (6) . DNA methylation appears therefore to be particularly suitable for the regulation of germ line-specific genes. This is probably related to the fact that these genes retain a high CpG content because their tissue-specific demethylation occurs in germ cells. On the other hand, the global demethylation process that occurs during the development of spermatogenic cells may provide the mechanism by which these germ line-specific genes are demethylated (17, 43) , thus eliminating the need for specific demethylation factors. Although DNA methylation is appropriate for controlling germ line-specific expression, it seems that most testisspecific genes use other regulation mechanisms. This was suggested by the observation that, unlike MAGE genes, 14 randomly selected testis-specific genes were not induced in cell cultures treated with 5Ј-aza-2Ј-deoxycytidine (16) .
Cancer cells often undergo a genomewide demethylation process, which increases during tumor progression (18, 22) . Although this overall hypomethylation was initially expected to induce the aberrant expression of many genes in cancer cells, this appears not to be a common association (3). This observation probably reflects the fact that although many genes may be included in this demethylation process, most of them are not activated by this modification because of lack of transcription factors. The gene encoding testis-specific phosphoglycerate kinase 2 (PGK2) appears to provide a good example of such demethylation insensitive genes. PGK2 belongs to the testis-specific genes that were not induced in tumor cells upon 5Ј-aza-2Ј-deoxycytidine treatment (16) . We have observed that the PGK2 promoter, which is largely methylated in most normal somatic tissues, is completely demethylated in some tumor cells where the gene is silent (data not shown). Hence, it seems likely that only genes with ubiquitous transcription factors, such as MAGE-A1 and LAGE-1, constitute targets for gene activation consequently to this genomewide hypomethylation in cancer cells.
DNA methylation does not seem to be the primary control mechanism regulating the programmed expression of most tissue-specific genes resulting in tissue differentiation. But our analysis of MAGE-type genes indicates that DNA methylation can serve as the primary control mechanism for the expression of a number of germ line-specific genes. Whether this mechanism is also applicable to some genes with specific expression in other tissues remains an open question.
